a

science for a changing world

)

)
(

Techniques of Water-Resources Investigations
of the United States Geological Survey

CHAPTER DI

o
APPLICATION OF SURFACE GEOPHYSICS

TO GROUND-WATER INVESTIGATIONS

By A. A. R. Zohdy, G. P. Eaton,
and D. R. Mabey

BOOK 2
Q COLLECTION OF ENVIRONMENTAL DATA

Click here to return to USGS Publications


http://www.usgs.gov/
reidell
Click here to return to USGS Publications

../index.html

Magnetic Methods

By D. R. Mabey

The magnetic method of geophysical ex-
ploration involves measurements of the direc-
tion, gradient, or intensity of the Earth’s
magnetic field and interpretation of varia-
tions in these quantities over the area of
investigation. Magnetic surveys can be made
on the land surface, from an aircraft, or
from a ship. Most exploration surveys made
today measure either the relative or absolute
intensity of the total field or the vertical
component. Measurements of magnetic in-
tensity can be made with simple mechanical
balances or with elaborate electronic instru-
ments.

The unit of magnetic intensity used almost
exclusively in exploration geophysics is a
gamma (y) A gamma is defined as 10—5 oer-
sted; an oersted is the magnetic intensity at
a point that will exert a force of 1 dyne on
a unit magnetic pole. The intensity of the
magnetic field on or above the surface of the
Earth is dependent upon the location of the
observation point in the primary magnetic
field of the Earth and local or regional con-
centrations of magnetic material. The in-
tensity of the Earth’s undisturbed magnetic
field ranges from a minimum of about 25,000
vy at the magnetic equator to more than
69,000 y near the magnetic poles. Over the
United States, exclusive of Hawaii, the range
is from 49,000 to 60,000 y.

Magnetic anomalies are distortions of the
magnetic field produced by magnetic material
in the Earth’s crust or perhaps upper mantle.
Magnetic anomalies of geologic interest are
of two types: induced anomalies and rema-
nent anomalies. Induced anomalies are the
result of magnetization induced in a body
by the Earth’s magnetic field. The anomaly
produced is dependent upon the geometry,

orientation, and magnetic properties of the
body, and the direction and intensity of
the Earth’s field. Because of the depend-
ence on the direction of the Earth’s field,
magnetic anomalies produced by similar
bodies may differ widely with geographic
location. Remanent anomalies are the result
of “permanent” magnetization of a body and
are controlled by the direction and intensity
of remanent magnetization and the geometry
of the disturbing mass. Most magnetic anom-
alies are a combination of the two types, but
usually one type of magnetization is domi-
nant and the other can be ignored in the ap-
proximate interpretation of results.

Several types of information can be ob-
tained from magnetic surveys. The character
of a magnetic anomaly is often indicative of -
the type of rock producing the anomaly, and
an experienced interpreter can identify a
general rock type on the basis of character of
the magnetic anomalies observed. Quantita-
tive interpretation of individual magnetic
anomalies yields information on the depth
of burial, extent, structure, and magnetic
properties of rock units. The most common
use of magnetic data in ground-water studies
is to map the depth to the magnetic basement
rock.

Sedimentary rocks are the most common
aquifers. However, most sedimentary rocks
are essentially nonmagnetic and thus not
amenable to direct study by magnetic meth-
ods. A few clastic rocks, such as some stream
deposits and beach sands, do contain mag-
netic minerals and can be studied directly.

Igneous and metamorphic rocks generally
contain a larger proportion of magnetic min-
erals and are therefore more magnetic than
sedimentary rocks but of less interest in
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ground-water investigations; however, de-
termination of the configuration of the sur-
face of a basement complex composed of
igneous and metamorphic rock underlying
water-bearing sediments is important in
nearby ground-water studies. In general the
darker, more basic, rocks are more magnetic
than the light colored, acidic rocks. Some
voleanic rocks, particularly basalts in the
northwestern United States, are important
aquifers.

Magnetic Surveys

Magnetic surveys may be very simple or
very complex, depending on the objectives of
the survey. The amplitude of magnetic anom-
alies range from less than 1 y to several
thousand gammas; horizontally the extent
of these anomalies ranges from less than 1 m
to tens of kilometers. The anomalies of larger
amplitude can be defined with simple instru-
ments and procedures; the small anomalies
may require complex ones.

The simplest instruments for measuring
magnetic intensity involve balancing the
force exerted by the vertical component of
the Earth’s magnetic field on a magnet
against the force of gravity. The simplest of
these instruments, the dip needle, can be used
to map the location of anomalies with am-
plitudes of several hundred gammas. With
the Schmidt-type vertical balance, sensitiv-
ity of a few gammas can be obtained. Torsion
instruments of comparable sensitivity also
are available. Most types of mechanical in-
struments used to measure magnetic intensity
are simple to operate and, if protected from
mechanical damage, are trouble free. Gen-
erally, the higher the sensitivity of a me-
chanical instrument for measuring magnetic
intensity, the more care and time required to
orient the instrument and complete an ob-
servation.

Several nonmechanical methods for meas-
uring magnetic intensity are in common use.
The fluxgate (magnetic saturation) magne-
tometers can be made sensitive to less than
1 v, but most handheld units have sensitiv-

ities of a few tens of gammas. Proton-
precession magnetometers range in sensi-
tivity from less than 1 gamma to a few
gammas. Optical-absorption magnetometers
are capable of measuring magnetic fields to
0.01 y. All these instruments can be adapted
for use on a moving platform, and pairs of
the optical-absorption magnetometers can be
used to measure gradients.

The design of a magnetic survey is based
on the character of the magnetic anomalies
expected and the type of interpretation to be
made of the magnetic data. Airborne mag-
netic surveys measuring variations in the
total magnetic intensity are the most com-
mon methods of obtaining magnetic data. To
minimize magnetic disturbances from the
aircraft, the magnetic sensor normally is
towed from the aircraft or mounted in a
boom extending from the aircraft. Magnetic
data are obtained continuously along a flight
path. Although low-level flights may be pro-
hibited in populated areas, access is usually
not a major problem in airborne surveys.
Continuous magnetic measurements also can
be made from a motor vehicle or boat if the
sensor can be located a few feet from the
parts of the vehicle containing large masses
of iron.

Time variations in the magnetic field,
which must be corrected for, are important
in some surveys. Secular variations are long
term changes and usually can be ignored, but
in special situations must be considered. Of
much greater importance are variations with
a period of a day or less and with amplitudes
ranging from less than 50 y for a normal day
to 1,000 y in high latitudes during magnetic
storms. A correction for solar diurnal varia-
tions with an average range of about 30 y
usually can be made by repeated observations
of a magnetometer station or profile during
a surveying day. If accuracy of a few gam-
mas or less is to be obtained, a continuous
record of the magnetic variations at a loca-
tion within or near the survey area is re-
quired.

For most exploration purposes it is only
necessary to measure relative magnetic in-



APPLICATION OF SURFACE GEOPHYSICS 109

tensity over the area of interest. Thus, an
arbitrary magnetic datum can be used for
each map or profile.

Magnetic Properties

The magnetic susceptibility and remanent
magnetization of rocks are the properties of
interest in magnetic surveys. Susceptibility
is a measure of the ability of a rock to ac-
quire a magnetization in the presence of a
magnetic field. Remanent magnetization is
the permanent magnetization of rock and is
not dependent on any contemporary external
field. The ratio of the remanent magnetiza-
tion to induced magnetization is the Q ratio.

Induced magnetization is defined by the
formula M = KH, %< 10-5 where K is the
susceptibility in cgs units and H, is the in-
tensity of the applied field in gammas. Sus-
ceptibility of a rock is primarily dependent
upon the composition and internal structure
of the rock. The magnetic susceptibility of
most rocks depends primarily on the content
of magnetite and pyrrhotite, the two most
common magnetic minerals.

Although remanent magnetization can be
acquired by a rock in several ways, thermo-
remanent magnetization is the most impor-
tant type. As an igneous rock cools through
the Curie temperature (585°C for magne-
tite), it acquires a magnetization parallel
to the Earth’s field. This thermoremanent
magnetization is usually stable and remains
with the rock through subsequent changes n
the direction of the Earth’s field. Most vol-
canic rocks are magnetic and many have
strong remanent magnetization. Over near-
surface voleanic rocks the magnetic intensity
may vary widely over short distances, and
detailed observations are required to define
the magnetic field near the surface. Although
in many places the presence of volecanic
rocks can be inferred from the character of
the magnetic field, the geologic significance
of many of the very local magnetic features
over volcanic rocks is not determined easily.

Design of Magnetic Surveys

The precision of the measurements, the
detail obtained, and, with airborne surveys,
the flight level, determine the cost of the
survey as well as the usefulness of the data.
Ideally a magnetic survey should define the
major features of the magnetic field at a
level which will resolve all anomalies of in-
terest; however, the cost of obtaining this
detail may be prohibitive. A more realistic
objective in areas of complex geology is to
obtain sufficient data to resolve the major
geologic uncertainties. Where rock type is to
be determined, a survey that indicates the
general character of the field without defin-
ing individual anomalies may be adequate,
and where approximate depth to basement
rock is to be determined, gradients along
profiles may be adequate data.

Detailed data along a single profile may be
more useful than isolated observations dis-
tributed over the entire area of interest be-
cause most quantitative magnetic interpreta-
tion methods involve analysis of details of a
magnetic anomaly (such as the extent of a
uniform gradient, location of inflection
points, ov the position or amplitude of highs
or lows).

Planning a magnetic survey involves three
major decisions:

1. Can the data be best obtained by a ground
or airborne survey? For all except ex-
tremely detailed work, most geophysi-
cists prefer airborne data to ground
data. However, the minimum cost of an
airborne survey may be prohibitive.

2. What precision is required ? This determi-
nation will be based on the nature of
the anomalies anticipated and the
methods of interpretation to be at-
tempted. For a ground survey this will
determine the selection of a magne-
tometer, and the method used to correct
for diurnal magnetic variations. Most
magnetometers used in airborne sur-
veys are capable of sufficient precision
for most needs. However, if anomalies
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of very small amplitude are significant,
the use of an optical-absorption mag-
~ netometer may be required.

3. What detail is required? This considera-
tion will govern the station spacing for
ground surveys and the flightline spac-
ing and flying height for airborne sur-
veys. The problems relating to detail
are discussed in the section on inter-
pretation.

Data Reduction

The reduction of magnetic data is rela-
tively simple. Proton-precession and optical-
absorption magnetometers measure the abso-
Iute value of the Earth’s field. Other magne-
tometers provide a relative measure. The
readings from the latter may be in gammas
or may require adjustment by a scale factor.
Ground magnetometers generally are refer-
enced to a base station or a stationary mag-
netometer. If a base magnetometer is oper-
ated, the difference between the reading of
the base magnetometer and the survey mag-
netometer at the observation time multiplied
by the appropriate calibration constants will
be the value for the station. If repeat read-
ings at a base station are used as the method
for determining diurnal variations, enough
repeat readings must be obtained to con-
struct a curve showing the variations of
magnetic intensity with time.

In most airborne surveys, continuous or
nearly continuous observations are made.
The data are recorded on a paper chart or
magnetic tape. The flight path of the air-
craft is recorded in some manner, most com-
monly by photographing the path or by elec-
tronic navigation systems. The flight path is
plotted and the data adjusted for variation
in aircraft speed, instrument drift, and
diurnal magnetic variations.

Magnetic data can be presented in profile
form or as contour maps. Although magnetic
contours provide an effective way of illus-
trating many magnetic features, some of the
information that is available on continuous
profiles cannot be illustrated on a contour

map. Therefore, profiles commonly are used
in making detailed interpretations.

Interpretation of Magnetic
Data

The magnetization of most major rock
units is complex and the details’of the mag-
netic anomalies are also complex. This,
coupled with the inherent ambiguity, makes
the comprehensive interpretation of mag-
netic anomalies a complex art.

The two major applications of magnetic
surveys to ground-water studies have been
the study of magnetic aquifers, mainly ba-
salt, and the determination of the configura-
tion of the basement rock underlying the
water-bearing sediments. The study of mag-
netic aquifers involves the identification of
rock type and, in some studies, the determi-
nation of geometry and magnetic properties.
The study of basement-rock configuration
generally involves determining the depth to
the surface of the basement at several points
and perhaps contouring the depths, but may
also include determining relief on the base-
ment surface,such as displacement across a
fault.

Major magnetic rock units commonly pro-
duce magnetic anomalies with characteris-
tics that can be identified and used to infer
the presence or absence of the rock. Voleanic
rocks may produce high amplitude magnetic
variations of very local extent. Negative
magnetic anomalies produced by permanent
magnetization in a direction approximately
opposite to the Earth’s magnetic field may
be associated with volcanic rocks. Large
igneous intrusives produce anomalies with
a wide range of amplitudes, but generally of
greater extent and less complex than the
anomalies associated with voleanic rocks,and
often approach the theoretical anomaly pro-
duced by simple geometric forms. Metamor-
phic rocks may produce complex patterns
and pronounced lineaments are common.
Most sedimentary rocks are nonmagnetie,
but magnetite-bearing sands and gravels are
a notable exception.
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An experienced interpreter generally can
identify rock type by inspection of the mag-
netic anomalies; however, such an interpre-
tation is necessarily subjective. Contacts be-
tween units of differing magnetic properties
can be identified on magnetic maps and pro-
files or traced in the field by dip needle or
simple magnetometer surveys.

To determine the thickness of nonmr agnetic
sedimentary rock overlying a magnetic
basement, we assume that an observed
anomaly is produced by a magnetic mass ex-
tending upward to the surface of the base-
ment. Several features of such an anomaly,
such as the extent of the steepest gradient
and the distance between various identifiable
points on the anomaly, are used. Assump-
tions must be made concerning the geometry
of the disturbing mass, but these assump-
tions generally’ are not critical. No assump-
tion need be made on the physical properties
of the rocks involved. Several procedures
are used in this type of interpretation, and it
is beyond the scope of this report to describe
the methods. Vacquier and others (1951)
describe a widely used technique for de-
termining depths from magnetic anomalies
and also illustrate a variety of anomalies. As
a generalization, the closer the level of ob-
servations to a disturbing mass, the steeper
the magnetic gradients and the smaller the
extent of major features on the anomaly.

Under optimum conditions depth estimates
made by a skilled interpreter are within 10
to 20 percent of the actual depths, and, in
many sedimentary basins, good contour
maps on the basement surface have been
prepared from magnetic data. Aeromagnetic
surveys have proven especially effective and
valuable in reconnaissance surveys of sedi-
mentary basins where large areas must be
explored quickly and where access on the
surface is a problem. In some basins the
sedimentary rock thicknesses obtained from
magnetic data are more reliable than can be
obtained by any other geophysical method.

The ambiguities inherent in the interpre-
tation of magnetic data limit the extent to

which the magnetic data can be used to infer ]

the geometryof a disturbing mass. However,
if detailed magnetic data are available,
curve-matching techniques can be used ef-
fectively in identifying simple geometric
forms that could produce an observed ano-
maly. The character of many magnetic ano-
malies will indicate the form and the at-
titude of the disturbing mass. For example,
the anomaly produced by steeply dipping
tabular bodies can be identified as reflecting
a tabular body, and, by assuming the direc-
tion of magnetization (generally parallel to
the Earth’s magnetic field), the position,
strike, and approximate dip of the body can
be inferred. In some situations the width and
magnetic properties also can be inferred.
Bodies of more complex geometry are also
amenable to modeling or curve matching, but
as the geometric complexity increases, the
uncertainties of the interpretation become
greater. In most curve-matching or model-
ing procedures,uniform magnetization of the
disturbing mass, as well as the enclosing
material,is assumed. For large bodies this as-
sumption may not be justified,and the result-
ing interpretabion is subject to large errors.

Some magnetic anomalies reflect variation
in thickness or surface elevation of a mag-
netic unit. Computations of these thickness
or elevation changes require the assumption
of magnetic properties. Thus, the location of
these features may be inferred, but the thick-
ness or relief may be uncertain if informa-
tion is not available on the magnetic prop-
erties.

Albums of computed magnetic anomalies
for masses of simple geometry and mag-
netization are being produced. Probably the
best albums currently available are Vacquier
and others (1951) and Andreasen and Zietz
(1969).

Examples of Magnetic
Surveys

Gem Valley, Idaho

Magnetic surveys have been used in the
study of basalt aquifers in several areas,
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particularly in the Snake River Plain and
Columbia Plateau, with varying degrees of
success. Magnetic data from Gem Valley in
southeastern Idaho illustrate some of the
potentials and limitations of magnetic sur-
veys in the study of volcanic rocks (Mabey
and Oriel, 1970).

Gem Valley is an intermontane basin about
56 km (35 miles) long and as much as 13
km (8 miles) wide. The enclosing ranges are
Paleozoic sedimentary rocks. Much of the
valley floor consists of Cenozoic basalt flows
from vents in the southeastern part of the
valley and from an extensive volcanic field
northeast of the valley. The basalt flows in-
undated a surface of unknown relief on the
older Cenozoic sediments. Post-basalt sedi-
ments overlap the basalt in several areas
but in most of the valley the basalt is over-
lain by a thin cover of windblown soil. Water
is pumped from basalt in several parts of the
valley and information on the extent, thick-
ness, and structure of the basalt is important
to ground-water investigations in the valley.

The first magnetic observations in the val-
ley consisted of measurements with a mag-
netometer mounted on a 1-m tripod. The
magnetic field in areas where the basalt was
within a few feet of the surface varied sev-
eral hundred gammas over distances of a
few meters. These abrupt variations reflect
the magnetization of the upper few meters
of the basalt and were of little value in de-
termining the thickness or gross structure
of the flows, so the survey was abandoned.
The method could have been used to locate
the edge of the basalt where it was at shallow
depths.

An aeromagnetic profile (fig. 74) flown
across the valley about 230 m (755 feet)
above the surface defines a complex mag-
netic pattern, but broad features are ap-
parent and the edge of the basalt is apparent
at the ends of the profile. A survey made
about 1,200 m above the valley (fig. 75) re-
veals anomalies that appear to reflect the
thickness of the basalt except in the area of
anomaly B, which is a large anomaly asso-
ciated with eruptive centers. Of particular

significance to the ground-water investiga-
tions is the high magnetic trend A. Three
wells indicated that the base of the lowest
basalt flow in this area was about 100 m
(330 feet) below the surface and that about
70 percent of the material above this level
was basalt and 30 percent interbedded sedi-

ments. Using this as control, a two-dimen-
sional form that would produce the shape of
the measured anomaly was computed using
a digital computer and the magnetization of
the basalt necessary to produce the ampli-
tude of the measured anomaly was calcu-
lated. The magnetic anomaly could be pro-
duced by a prism of basalt about 1,000 m
(3,300 feet) wide and parallel to the trend
of the anomaly. The western edge of the
prism, which presumably is a pre-basalt
river channel, was inferred along with the
thickness of basalt east of the channel. Sub-
sequent resistivity soundings have confirmed
the existence of the channel.

Using the magnetization determined in
the above analysis, computations were made
of the approximate thickness of basalt that
would produce the measured anomalies in
other parts of the valley. In the area of the
large positive anomaly B, the magnetic field
appears to be strongly affected by intrusive
units relating to the eruptive centers, and
the magnetic data cannot be used to infer
the thickness of basalt in this area.

Gem Valley is not a typical example of
the application of magnetic surveys in the
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Figure 74.—Aeromagnetic profile at 230 m (755 feet)
above Gem Valley, Idoho. Location of profile shown
in figure 75.
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study of volecanic aquifer problems, but it
does illustrate some of the possible applica-
tions and limitations: (1) Magnetic surveys
generally are effective in detecting and de-
termining the extent of concealed volcanic
rocks, and the approximate depth of burial
of the volcanic rock can be inferred; and (2)
quantitative interpretations of the thick-
ness and structure of voleanic rock can be
made in some simple situations, but general-
ly cannot be made where a thick sequence of
flows occurs or where the volcanic rocks are
underlain by strongly magnetic rocks.

Antelope Valley, California

If a sedimentary basin is underlain by
magnetic basement rock, magnetic surveys
may be an effective tool in studying the
structure of the basin. An example of this
application of magnetic measurements is an
aeromagnetic profile in eastern Antelope Val-
ley, Calif. (fig. 76). The basement in this part
of Antelope Valley is igneous rock of ap-
proximately quartz monzonite composition. A
Cenozoic basin several thousand feet deep
has been defined by drilling and gravity
measurements on the south side of Rosamond
Lake (Mabey, 1960). Figure 76 illustrates
the aeromagnetic and gravity profiles across
the basin, and the configuration inferred
from the gravity data and one deep drill
hole (not along the profile) that did not pene-
trate the basement rock.

On the southern half of the profile are
three local magnetic anomalies produced by
lithologic variations in the basement rock.
The character of these anomalies, which is
better revealed on a contour map, is typical
of anomalies over quartz monzonite in this
part of the Mojave Desert. A skilled inter-
preter would infer from these anomalies that
the rock producing the anomalies is similar

to the quartz monzonite exposed a few miles |

to the east. Depths determined for sources
of anomalies A and B were used to supple-
ment the gravity data as control for the
base of basin fill along the southern part of
the profile. This interpretation involved as-
sumptions on the geometry of the disturb-

ing mass, which were not critical, and the
assumption that the top of the disturbing
mass extended to the top of the basement.
However, because the determination of
depths from these magnetic anomalies does
not involve assumptions of physical proper-
ties or the removal of a regional gradient as
do the gravity data, the magnetic depths for
this part of the profile are more reliable
than the depths determined from the gravity
data. The magnetic data provide only two
depths and do not provide a continuous in-
dication of the depth to basement along the
profile.

Near the north end of the profile is a
double-peaked magnetic high. The extent of
the gradients on this high indicate an eleva-
tion of the top of the magnetic mass con-
sistent with the elevation of the basement
surface inferred from the gravity. The con-
trast in character between this anomaly and
the anomalies at the south end of the profile
suggests a difference in magnetic properties
of the rock producing the anomalies, al-
though all the anomalies probably are pro-
duced by intrusive rocks.

The magnetic low near the center of the
profile is over the deepest part of the basin,
but the lowest value is produced by the steep-
ly dipping interface, probably a fault on the
south side of the basin. The location of the
fault and also a crude approximation of the
vertical displacement could be inferred from
the magnetic anomaly. Over the deepest part
of the basin no local magnetic anomalies
suitable for precise depth analysis were re-
corded ; therefore, the thickness of the basin
fill in this area could not be determined from
the magnetic data. Variations in the gen-
eral level of magnetic intensity over the cen-
tral and southern part of the profile, com-
puted assuming a susceptibility contrast of
1.7 10-® cgs units, agree with the measured
intensity. Along most of the southern part
of the profile the computed intensity is
higher than the measured level, suggesting
that the rock underlying this area has a
lower susceptibility than the rock to the
south.
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The application of magnetic surveys to
the study of sedimentary basins can be sum-
marized as follows:

1. The basement rock underlying the sedi-
mentary basin must be magnetic and
the basin sediments nonmagnetic in
order to make basement depth deter-
minations. Lithologic contrasts within
most metamorphic and igneous base-
ment complexes produce magnetic ano-
malies that can be analyzed to deter-
mine approximate depth to the top of
the basement.

2. Accurate depths can be determined only
where anomalies amenable to depth
analysis occur; therefore, depth in-
formation may not be evenly distri-
buted and may be completely lacking
in some areas.

3. Anomalies caused by relief on a magnetic
basement generally can be used to lo-
cate structures but may not be amen-
able to quantitative interpretation.
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Cost of Geophysical Surveys in 1970

Electrical Methods

Deep resistivity surveys normally are
made with a 6-man crew, equipment cost-
ing between $5,000 and $10,000, and two
vehicles. Two of the ecrew members should
be technically trained, but the other posi-
tions require no special training. The major
cost of the field operation is the salary and
expenses of the crew. The average cost of
one crew-month including preliminary data
interpretation is about $10,000. Under nor-
mal conditions in one month a crew could
make about 50 soundings to a depth of 900
m (3,000 feet), 100 soundings to 150 m (500
feet), or 80 km (50 miles) of profiling to 150
m (500 feet).

The cost of induced-polarization surveys is
somewhat greater than resistivity surveys.
Electromagnetic surveys are usually less ex-
pensive and the coverage may be more rapid.

Telluric and magneto-telluric surveys are
generally experimental and generalizations
on cost and coverage are not meaningful,

Gravity Surveys

The cost of gravity surveying varies wide-
ly, depending on the station density required,
the accessibility of the stations, and the pres-
ence or absence of adequate elevation con-
trol. In detailed studies of near-surface ef-
fects, where the station spacing is measured
in terms of hundreds of feet, the cost, ex-
clusive of elevation surveying, can be as low
as $5 per station with the data reduced and
interpreted in preliminary fashion. If the
elevations in such a study must be established
independently, the cost will be approximate-
ly double. At the other extreme, for widely
scattered stations in mountainous or hilly
terrain, where backpacking or helicopter
support is required, the cost may rise to $25
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or $30 per station. The nature of the prob-
lem will dictate the required station spacing,
at least approximately, and estimates of cost
are best made after a preliminary assess-
ment of the problem, a study of the terrain,
and a check on the avability of elevation con-
trol.

Seismic Surveys

The cost of seismic refraction surveys, in-
cluding interpretation, varies from $600 to
$750 per linear mile of coverage, depending
on the geophone spacing. Shallow soundings,
with short geophone spacings, are the more
expensive, but provide more detailed infor-
mation than do deeper soundings. If the ob-
jective (for examrle, the basement surface)
is as much as 3,000 m (10,000 feet) below
the surface, geophone spreads several miles
long will be required to define the surface.
The completed cost for a single depth deter-
mination may be as much as $2,500 to $3,000.
On the other hand, for a refractor at a depth
of 300 m (1,000 feet), only a mile or so of
shooting would be required for definition and
the consequent cost would be somewhere in
the neighborhood of $700.

Magnetic Surveys

Aeromagnetic surveys, which measure
total magnetic intensity, normally cost be-
tween $5 and $15 per flightline mile depend-
ing primarily on the size of the area to be
surveyed. This cost includes the preparation
of a contour map and profiles along flight-
lines. The major cost of a ground survey is
the salary and expenses for the crew (one
or two men) and transportation. Using elec-
tronic magnetometers, a magnetometer ob-
servation can be made in less than 1 minute.
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